Microneedle patches coated with solid-state influenza vaccine have been developed to improve vaccine efficacy and patient coverage. However, dip coating microneedles with influenza vaccine can reduce antigen activity. In this study, we sought to determine the experimental factors and mechanistic pathways by which inactivated influenza vaccine can lose activity, as well as develop and assess improved microneedle coating formulations that protect the antigen from activity loss. After coating microneedles using a standard vaccine formulation, antigenicity was reduced to just 2%, as measured by hemagglutination activity. The presence of carboxymethylcellulose, which was added to increase viscosity of the coating formulation, was shown to contribute to vaccine activity loss. After screening a panel of candidate stabilizers, the addition of trehalose to the coating formulation was shown to protect the antigen and retain 48-82% antigen activity for all three major strains of seasonal influenza: H1N1, H3N2 and B. Influenza vaccine coated in this way also exhibited thermal stability, such that activity loss was independent of temperature over the range of 4 -37°C for 24 h. Dynamic light scattering measurements showed that antigen activity loss was associated with virus particle aggregation, and that stabilization using trehalose largely blocked this aggregation. Finally, microneedles using an optimized vaccine coating formulation were applied to the skin to vaccinate mice. Microneedle vaccination induced robust systemic and functional antibodies and provided complete protection against lethal challenge infection similar to conventional intramuscular injection. Overall, these results show that antigen activity loss during microneedle coating can be largely prevented through optimized formulation and that stabilized microneedle patches can be used for effective vaccination.
Introduction
Influenza virus is one of the most common causes of serious respiratory illness leading to 20,000 to 50,000 deaths and 95,000 to 110,000 hospitalizations in the United States during a typical influenza season [1, 2] . A global pandemic could take millions of lives, as occurred during the 1918 influenza pandemic that resulted in 20 to 50 million deaths worldwide [3] .
Vaccination is the most cost-effective public health measure to protect against influenza-related mortality. Although influenza vaccines have been available for over 60 years, high levels of protection and widespread patient coverage have been limited in part by the conventional subcutaneous or intramuscular routes of delivery [4] . Intradermal vaccination has been investigated to address these limitations and shown to offer immunologic advantages, such as a reduction of dose needed for protective immunity and an elevated immune response in the elderly, which is the population most susceptible to influenza-related morbidity and mortality [5] [6] [7] . However, intradermal immunization with vaccines in solution requires needle injection by medical personnel, which is an often painful, time consuming and unreliable, as well as associated with needle injuries and pathogen transmission [8, 9] .
Vaccine delivery via the skin is an attractive approach, because the skin is replete with antigenpresenting cells such as Langerhans and dermal dendritic cells [10] . However, the efficacy of vaccine antigen delivery into the skin is severely limited by the barrier properties of the stratum corneum, which is skin's outermost layer [11, 12] . To overcome the limitations of hypodermic needles, millimeter-and micron-scale hollow needles are being developed and shown in human trials to be effective for influenza vaccination [13, 14] . Other methods have also been investigated, such as skin abrasion [9, 15] , gene gun and jet injection [16, 17] , electroporation [18] , thermal ablation [19, 20] , dissolving implants [21] and use of a tattoo gun [22] .
Microneedle patches have also been proposed for vaccine delivery to the skin. Although various microneedle designs have been developed [23] , considerable study has emphasized solid metal needles measuring hundreds of microns in length that are coated with a vaccine formulation that rapidly dissolves off upon insertion into the skin. The advantage of such a microneedle patch is that it not only crosses the stratum corneum barrier to target dendritic cells in the skin, but does so using an inexpensive, disposable patch that is simple enough to be suitable for self administration by patients. Initial research addressed vaccination using ovalbumin as a model antigen in guinea pigs and showed that microneedle delivery to the skin required lower antigen dose compared to intramuscular injection [24, 25] . More recent studies in mice have examined immunization against influenza and demonstrated that microneedle patches yielded protective efficacies at least as good as intramuscular injection [26, 27] .
These studies motivated us to more closely investigate the process by which microneedles are coated with vaccine and what factors might influence antigen stability. Initial studies showed that microneedles could be coated by dipping into a coating formulation containing a surfactant to improve coating uniformity and a viscosity enhancer to increase coating thickness [28] . However, previous studies have not considered the effect of vaccine formulation on antigen activity. As shown in this study, coating microneedles with influenza vaccine can severely damage vaccine activity, mainly due to the drying process. We hypothesized that addition of appropriate excipients could stabilize vaccine during microneedle coating by preventing antigen aggregation and found that trehalose was especially effective. Trehalose has been shown previously to protect other biologicals, such as microorganisms [29] , yeast [30] and active retrovirus [31] from drying-induced damage by lowering membrane phase transition temperature, inhibiting aggregation between adjacent vesicles, and maintaining the lipid in fluid phase [32, 33] . We further studied the conditions to optimize coating formulations for delivery of microneedle influenza vaccines. Overall, this study sought to determine the effects of microneedle coating formulation on the stability of inactivated influenza virus vaccine using in vitro assays as well as on the induction of protective immunity by in vivo challenge infection.
Materials and methods

Preparation of inactivated influenza virus
Formalin-inactivated influenza A/PR/8/34 virus (A/PR8) was prepared as described previously [34] . For imaging experiments, inactivated virus was labeled with fluorescent dye. To carry out labeling, 200 µL of inactivated virus at a concentration of 3 mg/ml was mixed well with 10 µL of octadecyl rhodamine B chloride (R18, Invitrogen, Carlsbad, CA) and incubated at 25°C for 1 h. In order to remove unbound R18 molecules, the labeled inactivated virus was suspended in 10 mL of PBS and precipitated by ultracentrifugation (28,000 × g for 1h, Optima L-80 XP, Beckman Coulter, Fullerton, CA) with a 20% sucrose layer [35, 36] . The precipitated virus was again washed in PBS by ultracentrifugation to further wash out potential remaining R18 dye.
Fabrication, coating and imaging of microneedles
Rows of solid metal microneedles were fabricated by cutting needle structures from stainless sheets (SS304, 75µm thickness, McMaster-Carr, Atlanta, GA) using an infrared laser (Resonetics Maestro, Nashua, NH). The shape and orientation of the arrays were drafted in a CAD file, which was used by the laser control software. The laser beam traced the desired shape of the needle, which ablated the metal sheet and created the needles in the plane of sheet. The laser was operated at 1000 Hz at an energy density of 20 J/cm 2 . The metal sheet with needles on it was cleaned in hot, soapy water and rinsed with DI water. The needles were electropholished in a bath containing a 6:3:1 mixture by volume of glycerin, phosphoric acid, and water to remove debris, thereby reducing the needle thickness to 50 µm [28] . In the end, the microneedles measured 700 µm in length and 160 µm in width.
To apply a vaccine coating, microneedles were dipped six times at 25°C into coating solution using a dip-coating device described previously [28] and air dried. The coating solution was composed of 1% (w/v) carboxymethylcellulose (CMC) sodium salt (Carbo-Mer, San Diego, CA), 0.5% (w/v) Lutrol F-68 NF (BASF, Mt.Olive, NJ) with or without 15% (w/v) D-(+)trehalose dihydrate (Sigma Aldrich, St.Louis, MO) and 1 mg/ml inactivated virus in phosphate buffered saline (PBS). Additional studies used stabilizers other than trehalose, including 15% (w/v) sucrose, glucose, inulin from dahlia tubers and chicory, and dextrans with molecular weights of 9 kDa and 36 kDa (Sigma-Aldrich).
Microneedles were imaged by scanning electron microscopy (LEO 1530, Carl Zeiss, Oberkochen, Germany), bright-field microscopy (Olympus SZX12 stereo microscope, Tokyo, Japan) with a CCD camera (Leica DC 300, Leica Microsystems, Wetzlar, Germany) and fluorescence microscopy (Olympus IX70) with a CCD camera (RT Slider, Diagnostic Instruments, Sterling Heights, MI). To image delivery of viral antigen into skin, microneedles coated with R18-labeled virus were inserted into human cadaver skin for 10 min and fixed by freezing in histology mounting compound (Tissue-Tek ® , Sakura Finetek, Torrance, CA) for 10 min, after which microneedles were removed and skin was sectioned using a cryostat (Cryo-Star HM 560 MV, Microm, Hésingue, France) for imaging. This use of human skin was approved by the Georgia Tech Institutional Review Board.
Vaccine stability test and size distribution
Hemagglutination (HA) activity was measured as an indicator of the functional integrity of hemagglutinin on the inactivated viral vaccine. We carried out screening experiments by aliquoting 2 µl of virus coating solution onto 3 mm × 3 mm chips of the same type of stainless steel used to make microneedles and letting it air dry at 25°C overnight to mimic the process of coating virus onto microneedles. Coating stainless steel chips produced coatings with antigen stability similar to coating stainless steel microneedles (data not shown), which suggests that using stainless steel chips is a suitable model system.
After drying, the metal chip was incubated in PBS lacking Mg 2+ and Ca 2+ for 12 h. To determine HA titers, 50 µl of dissolved coating in PBS was serially diluted in 50 µl of PBS mixed with an equal volume of a fresh 0.5% suspension of chicken red blood cells (Lampire Biological Laboratories, Pipersville, PA) and incubated for 1 h at 25°C. The titers were determined as the endpoint dilutions inhibiting the precipitation of red blood cells. Inactivated virus mass was determined using a protein assay kit (DC protein assay, Bio-Rad Laboratories, Hercules, CA).
Particle size distribution was determined by similarly dissolving virus coatings from metal chips and analyzing by dynamic light scattering (DynaPro, Wyatt, Santa Barbara, CA)
Immunization and viral challenge infection
BALB/c mice (n=6 animals per group, 8-10 week old, female) were anesthetized intramuscularly with 110 mg/kg ketamine (Abbott Laboratories, Abbott park, IL) mixed with 11 mg/kg xylaxine (Phoenix Scientific, St. Joseph, MO). The skin on the back of the mouse was exposed by removing hair with depilatory cream (Nair, Princeton, NJ), washed with 70% ethanol, and dried with a hair dryer. In our previous study, depilatory cream and 70% ethanol did not significantly effect skin permeability to inactivated virus [37] . An in-plane five-needle array of microneedles coated with 0.4 µg of inactivated influenza virus was manually inserted into the skin and left for 10 min to dissolve the vaccine coating in the skin. For an IM immunization control, mice were similarly treated, but no depilatory cream was applied, and 0.4 µg of unprocessed inactivated influenza virus in 100 µl PBS solution was injected intramuscularly into the upper quadriceps muscles of mice (50 µl per leg). The mock control mice received a similar treatment using microneedles coated with the coating solution excipiencts without influenza vaccine. To determine the amount of inactivated virus vaccine coated on microneedles, vaccine-coated microneedles were incubated in PBS solution for 12 h at 4°C, and the amount of released protein was measured by a BCA protein assay kit (Pierce Biotechnology, Rockford, IL). The vaccine delivery efficacy was determined by measuring the intensity of fluorescent-labeled vaccine released from the microneedle before and after insertion into the skin. Approximately 70% of vaccine coated on microneedles was delivered into skin.
For virus challenge, lightly anesthetized mice were intranasally infected with the mouseadapted A/PR8 virus (50 µl of 20 LD 50 ) five weeks after vaccination [34] . Mice were observed daily to monitor body weight changes and mortality rates. Mice were humanely euthanized if their body weight loss exceeded 25%. All animal studies were approved by the Emory University Institutional Animal Care and Use Committee (IACUC).
Antibody responses and hemagglutination inhibition titer (HAI)
Influenza virus-specific antibodies of different isotypes (IgG, IgG1, IgG2a and IgG2b) were determined by following the standard protocol for enzyme-linked immunosorbent assay (ELISA) as described previously [34] . Data are presented as optical densities read at 450 nm.
Hemagglutination-inhibition (HAI) titers were determined as previously described [34] . Briefly, serum samples were first treated with receptor-destroying enzyme in 1:3 ratio (Denka Seiken, Tokyo, Japan) overnight at 37°C and then incubated for 30 min at 56°C. Sera were then serially diluted in separate wells, mixed with 4 HA units (HAU) of influenza A/PR8 virus, and incubated for 30 min at room temperature prior to adding 0.5% chicken red blood cells. The highest serum dilution preventing hemagglutination was scored as the HAI titer.
Statistical Analysis
Every assay was measured using at least three replicate samples, from which the arithmetic mean and standard error of the mean were calculated (unless otherwise noted). A two-tailed Student's t-test was performed when comparing two different conditions. When comparing three or more conditions, a one-way analysis of variance (ANOVA; α=0.05) was performed. In all cases, a value p<0.05 was considered statistically significant.
Results
Fabrication and coating of microneedles for influenza vaccine delivery into skin
Microneedles fabricated by laser-cutting of stainless steel sheets ( Fig. 1A and 1B ) were designed to be long enough to penetrate through the stratum corneum and viable epidermis and into the superficial dermis by gentle manual insertion, but short enough to avoid pain [38] . Our delivery strategy involved coating solid microneedles with formulations of influenza vaccine that dissolve in skin. We developed aqueous coating formulations including a surfactant to facilitate uniform coatings by reducing surface tension, a viscosity enhancer to enable thicker coatings by increasing coating solution residence time during the drying process, and inactivated whole influenza virus (A/PR/8/34) as a vaccine antigen. Dip coating produced thick, uniform coatings localized to microneedle shafts (Fig. 1C ). Insertion of microneedles into skin led to dissolution (Fig. 1C ) and deposition ( Fig. 1D ) in skin within minutes.
Stabilization of solid microneedle influenza vaccines by trehalose
Coating solid microneedles with vaccine involves a phase change of the antigen from liquid solution to a solid coating containing dried antigen and excipients. This phase change could cause stresses on the vaccine leading to denaturation, aggregation or other mechanisms of damage to anitigen activity. We therefore used red blood cell hemagglutination (HA) activity, which measures the receptor binding function of hemagglutinin [39] , as a measure of the activity of our inactivated influenza virus vaccine. Suspension of virus in coating solution had no effect on HA activity. However, after drying to form a solid coating, the reconstituted vaccine showed dramatically reduced HA activity to below 2% ( Fig. 2A ).
To prevent this loss in vaccine stability, we screened various carbohydrates including trehalose, sucrose, glucose, inulin, and dextran known to protect biomolecules from drying or freezing damage [40] . While a number of these candidate stabilizers protected the antigen, trehalose was the most effective ( Fig. 2A ). Further optimization enabled coating up to 1 µg virus onto a row of five microneedles, while maintaining 65% HA activity, which suggests that coating tens of micrograms is reasonable for patches containing hundreds of microneedles. This study's target dose of 0.4 µg whole inactivated virus vaccine was easily coated onto five-microneedle arrays.
We hypothesized that HA activity loss during coating was due to aggregation of virus antigens. Indeed, dynamic light scattering showed that drying in coating solution without trehalose substantially increased the size of virus particles, consistent with virus aggregation, whereas coating with trehalose retained particle size similar to non-dried vaccine controls, which suggests that trehalose prevented aggregation (Fig. 2B) . These results indicate that coating microneedles with influenza vaccine can lead to particle aggregation affecting the conformation and biological activity of the antigen resulting in loss of influenza vaccine integrity. Importantly, trehalose molecules can substantially contribute to maintaining the integrity of influenza vaccine by preventing particle aggregation which is believed to preserve the hemagglutinin functional activity during the drying process.
Trehalose effects on stability of different subtypes of influenza virus
Licensed influenza vaccines are trivalent, containing H1 and H3 subtype strains of influenza type A and a strain of influenza type B virus. We therefore measured HA activity after coating with H3 and B influenza virus strains too (Fig. 3) . Similar to the H1 subtype influenza strain, the H3 strain was also vulnerable to the drying process in either PBS buffer or coating solution. In contrast, the influenza B strain was less vulnerable, showing 6 or 15% HA activity after drying in PBS or coating solution, respectively. Most importantly, however, HA activities were retained at approximately 67 to 82% for H1 and B nfluenza viruses and at 48% for the H3 influenza virus with the addition of the trehalose stabilizer. These results demonstrate that inclusion of trehalose in the coating solution significantly contributed to maintaining HA activity of diverse influenza strains, although the extent of stabilization depended on the influenza strain to a certain degree.
Temperature effect on vaccine stability
To facilitate vaccine distribution, vaccines should have thermal stability. We tested the stability of our inactivated influenza virus after storage for 24 h at three different temperatures: 4°C, 25°C, and 37°C. As shown in Fig. 4 , inactivated virus in suspension retained 100% HA activity at 4°C and slightly lower activity at 25 °C and 37 °C (p>0.05). When inactivated virus vaccine was dried in coating solution without trehalose, it lost almost all HA activity upon drying; after storage for 24 h, activity remained similarly low. When inactivated virus vaccine was dried with coating solution including 15% trehalose, HA activity immediately dropped to 64%, but then showed no significant further drop after storage at all three temperatures studied. These results indicate that our inactivated virus vaccine after coating showed good stability over 24 h, even at elevated temperature of 37 °C.
The effect of trehalose concentration on HA activity and coating mass
We next investigated the effect of trehalose concentration on HA activity and found that increasing trehalose concentration in the coating solution from 0% to 15% increased retention of HA activity from 3% to 64% (ANOVA, p=0.0002); increasing trehalose concentration further had no additional effect (p=0.74) ( Fig. 5A, black bar) . Similarly, increasing trehalose concentration also decreased the extent of virus aggregation, as measured by the average virus particle size (p<0.05) (Fig. 5B) .
In contrast, the mass of antigen coated onto microneedles showed the opposite dependence on trehalose concentration. The amount of virus coated onto microneedles decreased with increasing trehalose concentration from 0.94 µg per five-needle array without trehalose to 0.37 µg with 20% trehalose (ANOVA, p=0.0002). (Fig. 5A, gray bar) . This is probably because the presence of additional trehalose occupies space in the microneedle coating film that displaces coated virus. HA activity was inversely proportional to the mass of virus coating when varying trehalose concentration (Fig. 5A) . These results indicate that trehalose concentration needs to be optimized, where 15% trehalose may be optimal, because it provides the maximum retention of HA activity (i.e., increased from 3% to 64%), while reducing virus mass by 46%. It should also be noted that in this study we coated less than 1 µg of vaccine per 5 microneedles array, because that was sufficient for the low dose needed for this vaccine. However, we have coated up to 7-8 µg of inactivated influenza virus per 5 microneedles array in separated study (data not shown) and have coated more than 7.86 µg per 5 microneedles array using other model drug (vitamin B) [28] .
The effect of CMC concentration on HA activity
Drying in coating solution caused more damage to HA activity than drying in PBS. Therefore, we assessed the effect of concentration of one of the coating excipients, CMC, on vaccine stability with and without trehalose (Fig. 6A ). In the absence of trehalose, HA activity of all samples was extremely low independent of CMC concentration (p<0.001). When 15% trehalose was included, CMC concentration had a significant effect, such that without CMC, 100% HA activity was retained, but increasing CMC concentration to 0.5% lowered HA activity to 71% (ANOVA, p<0.05); increasing CMC concentration further had no additional effect (p>0.05) (Fig. 6A ). Correspondingly, virus aggregation increased with CMC concentration in samples coated without trehalose (ANOVA, p<0.05), but showed no dependence on CMC concentration in samples coated with trehalose (ANOVA, p>0.05) (Fig.  6B) .
Although removing CMC from the coating formulation allowed us to retain 100% HA activity in the presence of trehalose, CMC was nonetheless required to produce thick coatings. Without CMC, the mass of virus coated on microneedles was reduced by more than an order of magnitude (data not shown). Further studies are needed to find new excipients that do not cause damage to influenza vaccine stability but still maintain appropriate viscosity of the coating solution to facilitate coating efficiency. As a final note, the other excipient in the coating solution was the surfactant Lutrol F-68 NF. Varying its concentration over the range of 0% to 0.5% had no significant effect on HA activity (data not shown).
Induction of systemic and functional antibody responses after influenza vaccination using coated microneedles
Our in vitro analysis suggested that antigen activity can largely be retained after coating onto microneedles in the presence of trehalose. Although HA activity is expected to correlate with protective antibody responses in vivo, we validated this expectation by testing influenza vaccine efficacy via microneedle delivery to mice in vivo. Groups of mice (n=6, BALB/c mice) received a single dose immunization via skin delivery of a microneedle array coated with 0.4 µg of inactivated whole virus with or without trehalose as a stabilizer. As a positive control, we intramuscularly (IM) immunized mice (n=6) with 0.4 µg of inactivated whole virus vaccine. As a negative control, an additional group (n=6) was mock-treated via microneedle delivery of coating solution without influenza vaccine.
Four weeks after vaccination, levels of total serum (IgG) and subtype (IgG1, IgG2a, IgG2b) antibodies were measured. As expected, IM immunized mice showed robust antibody responses (Fig. 7A ). In comparison, mice immunized with microneedles coated with the trehalose formulation (MN+Tre) showed IgG, IgG2a and IgG2b levels equal to those found in the IM group (Student's t-test, p<0.05). Interestingly, IgG1 levels were higher after immunization using microneedles with trehalose (MN+Tre) compared to IM (Student's t-test, p<0.05), suggesting a shift to a stronger Th2 response. Among mice immunized using microneedles without trehalose (MN), IgG, IgG2a and IgG2b levels were all significantly lower than the other immunized groups (IM, MN+Tre) (Student's t-test, p<0.05), showing the important role of trehalose to stabilize the vaccine. However, IgG1 levels were notably higher (Student's t-test, p<0.05) in the MN group, suggesting that the drying-induced changes in the antigen (e.g., aggregation) may be associated with a stronger IgG1 response. Mock immunized mice showed very weak antibody levels, as expected. As a final note, additional data show that IM injection of our influenza vaccine mixed in solution with 15% trehalose yielded the same antibody response as IM injection without trehalose, which suggests that trehalose itself does not have significant adjuvant effects and probably acts primarily to stabilize the viral antigen (data not shown).
Sera were also tested for hemagglutination inhibition (HAI) activity, which is the serological correlate for protection that is typically accepted by regulatory agencies to establish vaccine efficacy; an HAI titer greater than 40 is generally associated with protection [41] . HAI titers in mice vaccinated using microneedles with trehalose (MN+Tre) and IM immunization were extremely strong and statistically indistinguishable from each other (Student's t-test, p<0.05) (Fig. 7B) . In contrast, mice vaccinated using microneedles without trehalose (MN) had significantly lower HAI titers (p<0.05), which were nonetheless higher than the mockimmunized negative controls (p<0.05).
Altogether, these results show that microneedles coated with a trehalose-stabilized vaccine formulation yielded antibody responses at least as good as IM injection. Moreover, microneedles without trehalose gave weaker antibody responses, consistent with expectations from in vitro HA activity measurements. This confirms the expectation that in vitro HA activity correlates with levels of in vivo functional antibody responses and that inclusion of the trehalose stabilizer is critical to maintaining vaccine immunogenicity.
Protection against lethal challenge infection
As a final test to assess the efficacy of microneedle vaccination, we measured protection of mice after challenge with a lethal dose of influenza A/PR8 virus (20 × LD50) five weeks after one immunization (Fig. 8 ). Mice immunized using either microneedles with trehalose (MN +Tre) or IM injection were 100% protected. In contrast, mice immunized using microneedles without trehalose (MN) showed only 67% survival ( Fig. 8 ) and significant body weight loss (data not shown). The mock immunized group died or had to be euthanized by day 5. These results further show that microneedles coated with a trehalose-stabilized formulation can deliver an immunogenic vaccine that provides protective efficacy.
Discussion
The efficacy and coverage of influenza vaccination are below recommended levels [1] and need to be improved. Therefore, development of easy and effective methods to increase vaccine coverage is a priority. Transdermal microneedle vaccination offers an attractive approach to develop a simple influenza vaccination method that could increase patient coverage [26, 27] . To keep costs down during seasonal vaccination and to avoid rationing and vaccination delays during a pandemic, influenza vaccine dose should be minimized, which means that loss of vaccine immunogenicity during micorneedle coating must likewise be minimized. In this study, we describe the development of a solid microneedle coating formulation that largely retained vaccine antigen stability as measured by hemagglutinin functional analysis. In addition, we demonstrated the importance of maintaining in vitro HA activity of the influenza vaccine in order to achieve strong antibody responses and protection against viral challenge in vivo. These results indicate that vaccination using microneedles is not inferior to IM injection in inducing protective host immune responses and that microneedles can offer a promising alternative method to simplify influenza vaccination.
Hemagglutinin is the most abundant influenza virus surface glycoprotein, which is composed of trimeric molecular spikes and is responsible for binding of virus to the receptor sialic acid on target cells [42, 43] . In this study, we observed that microneedle coating with inactivated influenza virus vaccine resulted in the functional loss of HA activity of the vaccine. Use of stabilizers for pharmaceutical compounds or vaccines during the formulation of a dry powder has been previously described [40] . For example, vesicular lipid bilayer systems can be stabilized by incorporating sugars such as trehalose or inulin on both sides of the lipid bilayer [32, 33] . Carbohydrates such as trehalose, inulin, and dextran have also been demonstrated to exhibit similar stabilizing effects on an influenza hemagglutinin subunit protein vaccine [40, 44] . In this study, a number of different carbohydrate excipients helped stabilize our inactivated influenza virus vaccine, but trehalose was found to be most effective.
Although the exact mechanisms are unknown, prevention of virus particle aggregation in the presence of trehalose appears to be involved, as shown by the dynamic light scattering assay. We hypothesize that the formation of a trehalose-based sugar matrix may act as a physical barrier isolating particles and preventing particle aggregation during the dehydration process [45] . In a recent study, the addition of trehalose prevented physical changes in secondary and tertiary structure of hemagglutinin during a freezing process [44, 46] . Alternatively, during the drying process, a sugar molecule such as trehalose that contains multiple hydroxyl groups can replace water molecules in the hydrogen-bonding interaction with the active material, which can preserve the structural integrity of the drug or vaccine [47, 48] . Therefore, the effects of trehalose on preserving HA activity of microneedles coated with influenza vaccine might involve several factors including stabilization of lipid bilayers and hemagglutinin structure, as well as prevention of virus particle aggregation. Further studies are needed to better understand the role of trehalose stabilization in maintaining microneedle vaccine stability.
Currently used influenza vaccines are trivalent, which consist of three different strains of influenza [4] . It is significant to find that trehalose was able to at least partially retain HA activity of all three influenza strains studied, although the degree of stabilization depended on the strain. Therefore, trehalose-mediated stabilization of microneedle vaccines may be applicable to clinically relevant influenza vaccines, and possibly other vaccines too. However, it is not clear why the degree of stabilization depended on the subtypes of influenza viruses. The HA proteins from influenza A subtypes H1 and H3, and influenza B virus are significantly different in terms of the amino acid sequence and structure so that there are no cross-reactivities among these viruses. These differences in HA proteins among different subtypes of influenza viruses are more likely to contribute to the degree of stability [49] since the vaccine stability was based on the functional activity of HA glycoproteins. Further studies are needed to further delineate the underlying mechanisms of influenza vaccine stability during the drying process.
Despite the promising results demonstrating microneedle-based influenza vaccination, there are several challenging problems that need to be overcome before developing effective microneedle vaccines. For example, while addition of trehalose protected vaccine activity, it also decreased coating efficiency and thereby reduced the vaccine dose coated per needle. This requires the use of more microneedles to achieve a given target dose, which may not be a problem for vaccines that are typically of low microgram doses, but may become limiting for other therapeutics that require larger doses. An approach to improve coating efficiency would be to optimize formulation and coating conditions further, possibly reducing the amount of stabilizer by replacing trehalose with another more potent stabilizer, by replacing CMC with a less damaging viscosity enhancing agent, by developing a more controlled drying process and other possible changes. For example, carbohydrates including trehalose were sufficient to stabilize influenza vaccines from freeze-drying at concentrations as low as 1.7% [46] . Most vaccinations are given by the IM or subcutaneous (SC) route using hypodermic needles or, in some cases, jet injection devices, which requires trained personnel, is time consuming during mass vaccinations and is painful for patients. Intradermal immunization has received recent attention due to expected dose sparing and increased immunogenicity [5, 6, 14] . However, intradermal injection is even more difficult and unreliable than IM or SC injection in clinical practice and, for research purposes, is especially difficult in the thin skin of rodents, whose skin is often thinner than the bevel on the tip of a hypodermic needle [50] . For these reasons, microneedle delivery may be a significant advance that not only enables simple and reliable intradermal delivery for animal research and eventual clinical use, but also provides potential advantages over conventional IM or SC injection due to the expected speed, simplicity, and efficacy of microneedle vaccination. Therefore, it will be important to further investigate in detail the locations of vaccine deposition and delivery efficiency in the skin using different types and length of microneedles. 
Stabilization of influenza vaccine coatings. (A) Effects of various carbohydrates on retaining
the HA activity of inactivated influenza virus during drying. Influenza vaccines in coating solution containing various carbohydrates were dried on pieces of stainless steel mimicking microneedles and then reconstituted to determine the HA activity. All carbohydrates were added at a concentration of 15% (w/v). Data are presented as the percent HA activity compared to the same amount of unprocessed inactivated whole virus in PBS solution without drying (n=4, *p <0.05 for pair wise comparisons between the "coating solution + trehalose" formulation and all other formulations). (B) Particle-size distribution determined by dynamic light scattering in coating solution (control) or reconstituted microneedle coatings prepared using coating solution (CS) with or without 15% trehalose. Vaccine stability as a function of vaccine strain and storage temperature. HA activities of three different inactivated influenza virus strains dried in PBS or coating solution with or without 15% trehalose. H1 = inactivated influenza A/PR/8/34 (H1N1) virus; H3 = inactivated influenza A/Aichi/68 (H3N2). B = influenza B virus. CS= coating solution. Tre=trehalose. Vaccine stability as a function of storage temperature. HA titers of coated inactivated virus after drying and storage at different temperatures for 24 h. CS = coating solution. Protection of mice after a single vaccination. Immunized mice were challenged with a lethal dose (20×LD 50 ) of a highly pathogenic A/PR8 influenza virus 5 weeks after a single vaccination (n=6). Animal survival was monitored daily for 14 days (n=6). Groups of mice are as described in the legend of Figure 7 .
